In order to explore new options to optimize the low-grade copper ore bioleaching process, it is important to understand the kinetics of microbial oxidation at industrial level. This work studies the changes of iron and sulfur oxidation rates of microbial communities in solution from an industrial low grade copper bioleaching heap process at Escondida Mine in Chile. Pregnant leach solution (PLS) samples were analyzed periodically to determine physico-chemical parameters. The total numbers of the different microorganism species in industrial samples were determined by Real Time PCR. In addition, Most Probable Number assays (MPN) were performed for iron and sulfur oxidizing microorganisms. Kinetics incubation tests of PLS in the presence of iron or sulfur were performed to study the iron and sulfur oxidation, in total, 102 oxidation profile tests were obtained. Based on the oxidation profiles obtained, the tests were divided into four groups, labeled as fast, normal, stepped shape, and incomplete. The grouping system was established by considering oxidation time and rates, during the initial oxidation stages and accounted for any lag phase. A data mining technique, called decision trees was used to analyze the data and to generate rules that represented patterns in the data. Strong correlations were found between the predominant microorganisms and the behavior of the oxidation tests. Preliminary results indicate that the magnitude order of MPN of the iron oxidizing microorganisms is an important factor in the microbial oxidizing activity, followed by the predominant specie within the microbial population, PLS temperature and Eh.
Introduction
An understanding of the microbiological processes in industrial heaps is necessary to commercially improve bioheap technologies [1, 2] . Currently about 50% of fine copper produced by hydrometallurgy process at Escondida mine is obtained by heap bioleaching of low-grade copper ores. Consequently, any new knowledge that contributes to improving the understanding and functioning of the process is both, scientifically and economically important. To determine the effect of operational parameters, such as pH and Eh, on microbial activity and examine the toxic effects produced by some ions, these parameters were determined in industrial PLS samples. In addition, iron and sulfur oxidation rate tests were performed in the same PLS samples. This work shows the study of the iron oxidation kinetics in combination with the results of molecular and culturing techniques used for monitoring the leaching process by using data mining techniques. Data mining is an emergent and practical approach that enables the recovery of understandable and useful knowledge not previously known, from a large amount of data [3] . The main task of data mining is to find behavioural models from a large amount of data, by applying both statistical and algorithmic (machine learning) methods. One of the most widely techniques used in data mining is the decision tree approach. Decision trees are based on a series of conditions organised hierarchically [3] , therefore the final decision can be determined by fulfilling conditions throughout the tree scheme. The main advantage of this technique is that during the process of exploring options, chance events are excluded at every step, allowing to find only one final outcome. The main goal of this work was to gain new insights and better understand the relationships between physico-chemical parameters and microbial oxidation activity in this industrial process.
Materials and Methods
Samples: PLS samples were collected between August 2006 and March 2008 from the industrial heap bioleaching plant at Escondida Mine located in the region of Antofagasta in Chile. The heap is divided into 14 strips and every strip has a different irrigation time. Physico-chemical characterization of PLS samples: Physico-chemical parameters pH, Eh, PLS temperature were measured daily, as well as the concentration of H + , Cu, total Fe and ferrous Fe. The concentration of Cl, Mg, Al, Mn, SO 4 -2 and NO 3 were determined monthly in the system. Microbiological and molecular characterization: Most Probable Number (MPN) counts of iron and sulfur oxidizing microorganisms were carried out [4] . In addition, Real Time PCR was used to determine the abundance of Acidithiobacillus ferrooxidans strain D2, Acidithiobacillus ferrooxidans strain DM, Leptospirillum ferriphilum, Acidithiobacillus thiooxidans, Sulfobacillus spp. and Ferroplasma spp. in the industrial samples as described before [5] . The magnitude order of microbial and molecular characterization expressed as log 10 of number of cells/mL was used to apply the algorithms. Oxidation activity tests: Tests in PLS samples were performed in shake flasks as described in [6] . Data mining analyses: Decision Tree Algorithms C5.0 [7] , Classification And Regression Trees (CART) [8] , Quick, Unbiased, and Efficient Statistical Tree (QUEST) [9] and CHi-squared Automatic Interaction Detector (CHAID) [10] , were applied to every group of profiles in order to characterise them. The profile shape was considered as dependent variable and the ion concentration, physico-chemical parameters and biomass parameters were considered as independent variables. From these data decision trees were generated, and rules were selected with a minimum support of 25% and confidence level of at least 75%.
Results
Oxidation tests in PLS samples: Oxidation profiles were classified into 4 groups ( Fig. 1 ): "fast" (a), in this profile type the complete iron oxidation was achieved in less than 14 days and oxidation initiated immediately. "Normal" (b), where the complete ferrous iron oxidation was achieved in more than 14 days and no oxidation was observed at the beginning of the test, showing an evident lag phase. "Stepped" (c), where the complete oxidation of ferrous iron was achieved in more than 14 days and oxidation initiated immediately before a sudden pause in oxidation and then completion. "Incomplete" (d), where the rate of oxidation was slow compared to a, b and c, and after 30 days the ferrous iron oxidation remained incomplete.
Data mining: Tree Classification Algorithms were applied to 102 oxidation profiles, considering as input physico-chemical data and biological parameters. Table 1 shows the rules obtained from the data mining analyses performed for three different profiles groups. These trees and rules express two main aspects: the variables selected are relevant to discriminate each type of oxidation profile and the relative importance of each variable to predict the type of profile. The results obtained for incomplete profiles did not show any logical pattern and were therefore excluded from the study.
Discussion
The bacterial community responsible for the "fast" curves hold sufficient ferrous iron oxidation activity to oxidize ferrous iron within few days (Table 1, MPN_Fe>10 3 ). In this type of curves, the number of A. ferrooxidans is higher than Leptospirillum (Fig. 2) . Also similar distribution for A. ferrooxidans and Leptospirillum sp., was described in a kinetic study of chalcosite oxidation, and the results of this study were able to predict the abundance of both microorganisms in industrial
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bioleaching systems [11] . This type of curves occurs mainly during the first stage of the leaching cycle (not shown). Similar microbial population dynamics was observed before in a demonstration bioheap [12] . The rules generated for "Stepped" profiles characterized a community with a higher capacity for sulfur rather than iron oxidation (Table 1) , also it is composed by A.ferrooxidans, perhaps influenced by the temperature and Eh (Table 1) . Oxidation profiles similar to stepped type have been observed before during the growth of A. ferrooxidans in the presence of sulfur and ferrous iron under aerobic conditions, and it was attributed to sulfur oxidation using ferric iron as electron acceptor depending on the pH of the medium [13, 14, 15] . The ability to oxidize sulfur and oxidize ferrous or reduce ferric iron by A. ferrooxidans has been demonstrated before [14] . In addition, the role of Eh was considered an important factor influencing the energetic metabolism of A. ferrooxidans. Total inhibition of ferrous iron oxidation by A. ferrooxidans was shown at 840 mV [16] , a very close value to the one determined by decision trees (Table 1 ) as a determining factor for stepped type oxidation profiles. The Eh and temperature could represent indicators of sulfur reduced compounds (SRC) generation from dissolution of pyrite, increasing the RSC availability and therefore inducing the metabolism of A. ferrooxidans to oxidize SRC. Sulfur oxidation profiles confirm that hypothesis (data not shown). "Normal" profiles were determined by lower iron oxidation capacity (MPN, Table 1 ) than the fast ones and the same iron oxidation capacity (MPN) as the "Stepped" ones but without the sulfur oxidation capacity characteristic of the communities active in the "Stepped" profiles. This seems to indicate low iron and SRC availability for microbial energetic metabolism. Here the temperature could be an indicator as to the extent of pyrite dissolution. 
Conclusions
Clear changes in the bacterial community within the liquid ore contacting phase in this industrial process are due to changes in the substrate availability in each step of the leaching cycle. The results obtained in this work by data mining analyses can help to rank physico-chemical and biological parameters in order to design better monitoring programs that will allow timely and accurate operational decisions at an industrial bioleaching plant. 
